Aim: To evaluate the pharmacodynamics, pharmacokinetics, and safety of the novel oral sodiumglucose co-transporter-2 inhibitor, ipragliflozin, in Japanese patients with type 1 diabetes mellitus.
Ipragliflozin, a selective sodium-glucose co-transporter-2 (SGLT2) inhibitor jointly developed by Astellas Pharma Inc. and Kotobuki Pharmaceutical Co., Ltd., was approved for type 2 diabetes in Japan in 2014 as the first drug in its class. 4 The regular dose of ipragliflozin is 50 mg/day and doses up to 100 mg/day are approved in cases of insufficient efficacy. Ipragliflozin inhibits SGLT2-mediated glucose reabsorption in the renal proximal tubule and increases glucose excretion in the urine, thereby lowering blood glucose levels. 5, 6 The safety and efficacy of ipragliflozin in type 2 diabetes mellitus patients (including elderly patients) have been confirmed in preapproval clinical trials, as well as in large-scale postmarketing surveillance studies in the realworld clinical setting in Japan. [7] [8] [9] [10] Furthermore, in a multicentre, randomized, placebo-controlled, double-blind study in insulin-treated patients with type 2 diabetes mellitus, ipragliflozin was shown to be well tolerated and effective. 11 Although there is a large amount of published data on the efficacy and safety of ipragliflozin for type 2 diabetes, to date, no data have been obtained on the use of ipragliflozin for the treatment of type 1 diabetes mellitus. Considering its glucose-lowering effects and insulin-independent mechanism of action, ipragliflozin is expected to be efficacious and well tolerated in patients with type 1 diabetes mellitus. The aim of the present phase 2 study was to assess the pharmacodynamics (PD), pharmacokinetics (PK), and safety of ipragliflozin 25, 50, and 100 mg administered once daily for 2 weeks in Japanese patients with type 1 diabetes mellitus who have inadequate glycaemic control with insulin therapy.
| MATERIALS AND METHODS

| Patients
Eligible patients for this study were male or female, aged ≥20 and <75 years, with type 1 diabetes mellitus, who had been receiving insulin therapy for at least 52 weeks (364 days) at the time of informed consent.
Patients were included if their HbA1c value at screening was between 7.5% and 10.0% (58-86 mmol/mol), and they had a body mass index of ≥20.0 and ≤35.0 kg/m 2 , and a fasting blood C-peptide level of ≤0.5 ng/mL (≤0.17 nmol/L). In addition, patients were excluded if they had changed the daily dose of insulin therapy by more than ±20% during the 12 weeks (83 days) prior to screening. The complete inclusion and exclusion criteria are listed in the Supporting Information. All patients provided written informed consent.
| Ethics
The study was approved by the institutional review board of each participating site and conducted in accordance with the International Conference on Harmonization of Technical Requirements for Registration of Pharmaceuticals for Human Use guidelines, applicable regulations, and the Declaration of Helsinki. This study was registered at clinicaltrials.gov: NCT02529449.
| Study design and treatments
This was a multicentre, double-blind, placebo-controlled, parallelgroup comparative study conducted at 12 sites in Japan from 1 September 2015 to 19 March 2016. The study design is illustrated in Figure S1 . Examinations and observations were performed on patients under hospitalization from 2 days prior to the initiation of treatment (day −2 to day 3). On day −1, the placebo was administered before breakfast under single-blind conditions to assess patient eligibility. Eligible patients were then assigned to a treatment group under double-blind conditions. Ipragliflozin and placebo were administered as three tablets once daily for 14 days.
From day 13 (the day before the end of treatment) to day 15 (the day after the end of study drug administration), the examinations and observations were again performed on patients under hospitalization.
After the treatment period was completed, patients underwent a 1 to 3-week follow-up period.
Eligible patients were randomized using the block randomization technique (using a block size of four) to receive an oral dose of ipragliflozin 25, 50, or 100 mg/day or placebo once daily before breakfast for 2 weeks in a double-blind manner. Neither the investigator, the sponsor, clinical staff, nor the patient knew which agent was being administered. The randomization number was assigned based on the Interactive Response Technology (IRT) service.
Prohibited concomitant medications included glucose-lowering agents (other than insulin preparations) during the 12 weeks before the start of screening to the end of the treatment period. Glucose and glucagon (infusion/injection) from day −1 to the end of treatment were also prohibited. Conditionally allowed concomitant drugs included diuretics or antidiuretics; however, these were only permitted if they were used prior to the treatment period and if the treatment regimen and dose were not to be changed. Corticosteroids and immunosuppressants were prohibited except for topical applications.
The dose of insulin was adjusted according to the method of dose adjustment implemented by patients in typical clinical settings based on the physician's instructions during the period from the start of screening to the end of the treatment period. If the self-monitored blood glucose level was below 80 mg/dL (4.4 mmol/L), the principal investigator considered reducing the insulin dose. 
| Endpoints
| Statistical analysis
The study planned to enroll a total of 40 patients; four groups comprising 10 patients each. PK, PD, and safety analyses were performed in the following analysis sets: the pharmacokinetic analysis set (PKAS, 3 | RESULTS
| Patient disposition and characteristics
After providing informed consent, 43 patients were randomized to receive placebo or ipragliflozin. One patient discontinued the study owing to an AE that began prior to randomization and therefore a total of 42 patients completed the study ( Figure S2 ).
The PKAS included all 42 patients who completed the study. The patient who subsequently discontinued after entering the study was excluded from the PKAS because of a possibility of influence on the patient's PK data. The PDAS comprised 41 patients; reasons for exclusion included a serious protocol violation (one patient), and not providing a sample for measurement of PD data on day 14, as well as non-compliance with study drug administration (one patient). All 43 patients were included in the SAF ( Figure S2 ).
The baseline characteristics of patients in the PDAS are summarized in Table 1 . Baseline variables, including age, sex, and body weight, were similar among all treatment groups. However, the mean fasting plasma glucose level was higher in the ipragliflozin 100-mg group compared with the other treatment groups.
| Pharmacokinetics
The PK variables measured on days 1 and 14 are summarized in 
| Pharmacodynamics
The changes from baseline in PD variables are summarized in Figure 1A -C and Table 2 . There was a dose-dependent increase from baseline to day 1 and to day 14 in 0 to 24 hour urinary glucose excretion in all ipragliflozin groups ( Figures 1A and S3A ). In all ipragliflozin groups, the mean plasma glucose AUC 0-24h was lower than that of placebo on days 1 and 14 ( Figures 1B and S3B) . The mean renal glucose clearance (0-24 h) increased in a dose-dependent manner from baseline on days 1 and 14 in the ipragliflozin groups but remained unchanged in the placebo group ( Figure 1C ).
Greater dose-dependent decreases from baseline in fasting plasma glucose were observed in all ipragliflozin groups compared with placebo on days 2 and 15; the dose-dependent effect was maintained at day 15 ( Table 2 ). A similar tendency was observed in (C) 
| Other endpoints
The change from baseline in total, basal and bolus insulin dose on day 14 was greater in all ipragliflozin groups compared with the placebo group. The mean (±SD) percentage changes from baseline to day 14 for the total daily insulin dose were −14.77% ± 14.04%, −18.40% ± 12.49%, and −19.25% ± 16.77% in the ipragliflozin 25-, 50-, and 100-mg groups, respectively (Figure 2A) . The corresponding percentage changes in basal insulin dose were −20.83% ± 22.67%, −25.38% ± 22.55%, and −14.68% ± 18.87% ( Figure 2B) ; those for bolus insulin dose were −10.68% ± 13.39%, −13.94% ± 12.22%, and −21.25% ± 19.56% ( Figure 2C ).
The changes in CGM variables (MAGE and percentage duration)
are shown in Table S2 . MAGE and percentage duration improved (especially on day 1) in all ipragliflozin groups compared with placebo.
However, this improvement decreased on day 14.
| Safety
Treatment-emergent AEs (TEAEs) are summarized in Table 3 . TEAEs were reported in all patients, except in one patient in the ipragliflozin 100-mg group. Most TEAEs were mild in severity, and no deaths, other serious TEAEs, or TEAEs leading to discontinuation, were reported. One patient in the placebo group discontinued the study because of an AE with onset prior to initiation of the treatment period; therefore, this was not considered a TEAE. in the 25-mg ipragliflozin group and one patient (8.3%, three events) in the 50-mg ipragliflozin group experienced moderate hypoglycaemia. Table S3 shows the onset of TEAEs related to hypoglycaemia. The incidence rate of hypoglycaemic events tended to be higher in the ipragliflozin groups compared with the placebo group from days 1 to 3.
Blood ketone body increases were reported as
| DISCUSSION
Ipragliflozin is a selective SGLT2 inhibitor shown to improve blood glucose levels in patients with type 2 diabetes by increasing urinary
Changes in (A) total, (B) basal, and (C) bolus insulin doses at days 1 and 14 in the placebo and 25-, 50-, and 100-mg ipragliflozin groups (mean ± standard deviation). Values are adjusted mean differences from placebo and 95% confidence intervals, calculated using an analysis of covariance model including baseline measurements as a covariate glucose excretion. 12 The present study is the first to analyse the pharmacodynamics of ipragliflozin in Japanese patients with type 1 diabetes. Our results showed that ipragliflozin administered at 25, 50, and 100 mg/day induced dose-dependent improvements in plasma glucose C max and AUC 24h . Additionally, there was a concomitant dosedependent increase in mean renal glucose clearance.
Fasting plasma glucose levels decreased in a dose-dependent manner with an accompanying dose-dependent increase in mean cumulative urinary glucose excretion. The mean changes in plasma glucose AUC 0-24h from baseline to day 14 were greater for the ipragliflozin groups compared with placebo. Mean glycoalbumin levels decreased from baseline in all ipragliflozin groups compared with placebo at the end of treatment. The mean body weight decreased from baseline in all ipragliflozin groups, although only a modest difference in body weight was observed between the placebo and treatment groups. The mean insulin daily dose decreased for all ipragliflozin groups during the treatment period, with a 14.8% to 19.3% decrease in the total insulin daily dose in each ipragliflozin group from baseline to day 14. The reduction in bolus insulin in the 100-mg group had a greater contribution to the overall dose reduction than the reduction in basal insulin, a result that was not observed for the 25-or 50-mg groups. However, it is difficult to comment on the significance of this finding, particularly in light of the small sample size and the fact that adjustments to insulin regimens are performed on a case-by-case basis.
It should be noted that all blood glucose-related variables may have been affected by the insulin dose, which was adjusted after the start of ipragliflozin treatment. The effect was considered more pronounced on day 14 or day 15 compared with day 1 or day 2. For example, a smaller reduction from baseline in fasting plasma glucose was observed on day 15 than day 2 in the 25-and 50-mg groups, which could be explained by a decrease in insulin dose.
The PK and PD data reported in the present study confirm the results published outside of Japan for other SGLT2 inhibitors including dapagliflozin, 13 canagliflozin, 14 and empagliflozin. 15 An exploratory study of dapagliflozin in adults with type 1 diabetes showed expected PK profiles and increases in urinary glucose excretion. Additionally, dose-related reductions in 24 hour glucose, glycaemic variability, and insulin dose were suggested. 13 Results from a phase 2 study in patients with type 1 diabetes showed that canagliflozin improved indices of glycaemic variability. 14 Canagliflozin was also shown to reduce HbA1c, body weight, and insulin dose. Similarly, in patients with type 1 diabetes, empagliflozin treatment for 28 days as adjunct to insulin increased urinary glucose excretion, improved HbA1c, and reduced body weight with lower insulin doses. 15 In addition, the results of the present study confirm the previous PK and PD results obtained for ipragliflozin in Japanese patients with type 2 diabetes mellitus. 16 In that study, ipragliflozin (50 and 100 mg/day) significantly reduced fasting plasma glucose and AUC 0-24h for plasma glucose, compared with placebo. Furthermore, both doses of ipragliflozin reduced AUC 0-24h for serum insulin, body weight, and glycoalbumin, while increasing urinary glucose excretion.
Further analysis of the PK and PD data revealed that similar results were obtained from patients with either type 1 or type 2 diabetes (data on file).
No deaths, other SAEs, or TEAEs leading to discontinuation were reported in this study. Notably, no ketoacidosis was observed, and although there were four cases of increased serum ketone bodies, all cases were mild. Nevertheless, this finding requires further study and will be addressed in future phase 3 clinical trials. Regarding TEAEs related to hypoglycaemia, most were mild in severity, and there were no cases of major hypoglycaemia that required the assistance of caregivers for the patient to recover. No significant difference was found in the incidence of hypoglycaemia between the placebo group and the ipragliflozin groups. However, during the early stages of the treatment (C)
period, the incidence rate and the number of events per patient tended to be higher in the ipragliflozin group compared with placebo. Therefore, caution is advised during this period of treatment, as it is possible the initial increase in hypoglycaemic events could have been a result of an insufficient reduction in insulin dose. This result is consistent with that found in a recent meta-analysis that examined the use of SGLT2 inhibitors as adjunct to insulin therapy for type 1 diabetes. 17 The limitations of the present study include the exploratory nature and study design; from day 3 to day 13, patients were administered ipragliflozin but not on an inpatient basis, nor were they monitored for safety under the same conditions as they had been in the hospitalization period (from day −2 to day 3, and day 13 to day 15).
This could be considered a confounding factor regarding the reporting of AEs such as those related to hypoglycaemia. However, the outpatient design of this study can also be considered a strength given that under free-living conditions, no severe serum ketone body-related events were reported. Other limitations of this study are the small sample size and short duration (2 weeks).
In conclusion, the results of the present study have confirmed the PK and PD properties of ipragliflozin in Japanese patients with type 1 diabetes mellitus, with an increase in urinary glucose excretion leading to decreases in plasma glucose and glycoalbumin levels in a dosedependent manner. The concomitant insulin dose decreased with Typical hypoglycaemic symptoms were present and blood glucose level was ≤70 mg/dL (≤3.89 mmol/L). g Typical hypoglycaemic symptoms were absent but the blood glucose level was ≤70 mg/dL (≤3.89 mmol/L).ss h Blood glucose level was not measured but hypoglycaemic symptoms that could be estimated as caused by a drop in blood glucose level to ≤70 mg/dL (≤3.89 mmol/L) were present. i Typical hypoglycaemia symptoms were estimated to be present, but the blood glucose level was >70 mg/dL (≤3.89 mmol/L).
ipragliflozin treatment and no clinically relevant safety concerns were observed.
